Introduction
Analysis of the fetal electrocardiogram (FECG) during labor has received relatively little attention in the past [2, 4, 14] . More recently computerbased systems have been employed to enhance the fetal ECG, but the patterns obtained were inconsistent and sometimes contradictory [7, 10, 11, 16] . In the earlier computer-based systems, signal enhancement for providing a good signal-to-noise ratio, distorted the low frequency components of the P and ST waveforms [10] . The latter components were subsequently shown to be the best indicators of fetal condition. Consequently, only systems which retain and enhance these ECG components appear to be valid for establishing their clinical value. In this study we employed a computer based system to investigate the fetal ECG during and between contractions, in the active state of the normal labor. 
Patients and methods
Twenty five patients with a low risk pregnancy, who were admitted to the delivery suit between 38 -41 weeks gestation, participated in the study. All patients were non smokers and received no medications prior to or during the recordings. All the recordings were made during the active stage of labor after rupture of the membranes with the patients in a left lateral positions. The FECG signal was obtained from a conventional stainless steel spiral scalp electrode and the intrauterine pressure was measured using a fluid filled flexible polythene catheter. Both fetal heart rate (FHR) and intrauterine pressure were continuously displayed on an HP8040 fetal monitor. The fetal ECG signal was amplified (bandpass: 0.5 -300 Hz) through a Gould universal amplifier (model 4615 -55). The FECG and intrauterine pressure signals were then simultaneously recorded on a Teac R610 FM data recorder and subsequently sampled at 1KHz through a 12 bit analog to digital converter into a micro PDF computer (Digital Equipment Corporation).
Signal processing
The fetal ECG is averaged over a predetermined period in order to remove noise interference. The noise arises from such sources as fetal electroencephalogram, maternal electromyogram and electrocardiogram. The averaging process also enhances small ECG components -typically the P and T waves, which may be completely submitted in the background noise. The program averages the signal point to point synchronized to the peak of the R wave. This requires a reliable detection of the QRS complex. For this purpose we applied an algorithm for detection of the fetal QRS complexes. This system has been described elsewhere [16] . Briefly it reliably recognizes QRS complexes based upon digital analysis of slope, amplitude and width. A digital bandpass filter composed of cascaded high-pass and low-pass filters reduces false detections caused by the various types of interference present in the ECG signal. This filter permits the use of low threshholds, thereby increasing detection sensitivity. The algorithm automatically adjusts threshholds and parameters periodically to adapt to such ECG changes as QRS morphology and heart rate. This adaptive approach enables accurate processing of ECG signals having diverse characteristics, QRS morphologies and heart rate changes. Figure la, b shows the signals obtained at the various steps in this digital signal processing. Once the peak of the R wave was defected, averaging of the whole ECG complex is performed synchronized to this point. Due to the variability of the R-T interval (even within short periods of time), such averaging synchronized to the R wave alone introduces a significant attenuation of the T wave amplitude. To overcome this problem a separate averaging of the T wave alone was carried, synchronized to its peak. The averaged T wave was then accurately aligned in time and position by a software routine to the rest of the QRS complex. The signal obtained following the averaging procedure is demonstrated in figure 2 . Figure 3 shows peak detection.
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Data analysis
The calculated components of the averaged ECG waveform, FHR, instantaneous and bandwidth variability are automatically transferred into an SPSS file for subsequent statistical analysis and display. Calculations were made based on the averaged FECG complex 30 sec preceding the UC, from the onset of UC to its peak, from the peak to the termination of the UC and 30 sec following the latter point. Specifically, the P-R interval, the ratio of the amplitude of the T wave to that of the QRS complex (T/QRS), and the ratio of the amplitude of the R wave to that of the S wave (R/S) were calculated. The cardiac axis was calculated according to SYMONDS [15] . Short term heart rate variability, or the instantaneous variability is defined here as the average of the absolute value of the instantaneous heart rate difference over the given time period. Long term variability is defined as the standard deviation of the instantaneous heart rate. The paired student t-test was applied for the statistical analysis of the data.
Results
All patients had spontaneous vaginal delivery. The range of 1 and 5 minute Apgar score was 8 and 10 respectively. Mean newborn weight was 3236 ± 387 gr. In all cases FHR patterns were within the normal range. In each patient 5 consecutive uterine contractions were recorded together with the FECG. The mean of the 5 measurements was then calculated and used as the representative value for the particular patient. In all, 125 uterine contractions were included. In one patient an episode of uterine tetany was recorded after the recording session described before was performed. Table I lists the FHR parameters before, during and following UC. The instantaneous variability increased significantly during the first half of UC, from a mean of 3.9 bpm to 4.3 bpm. During the declining portion of the UC pressure, the latter value decreased to 4 bpm and returned to the precontraction value following its completion. A similar trend was observed in bandwidth variability (table I) . No significant change was observed in the mean FHR itself, before, during or following the UC. Table II demonstrates 4 values related to the FECG signal. The P-R interval decreased slightly during the first part of UC. No significant change was observed in the R/S amplitude ratio. The cardiac axis rotated slightly from 114° to 112°d uring UC. The T/QRS ratio increased significantly during the first half of UC from a precontraction value of 0.18 to 0.26. During the second half of the UC it declined to 0.2 and subseuqently returned to the precontraction level. An episode of uterine tetany occured at 6 cm cervical dilation, which lasted for 100 seconds, then gradually declined to reach the baseline tone at 150 sec. The T/QRS ratio increased markedly from 0.2 to 2.4 at 120 seconds (table III) . Instantaneous variability decreased from 3.9 to 1.5 at 90 seconds, then increased again. The FHR declined from 149 bpm to a trough of 68, then gradually increased again to 127 bpm at the completion of tetany. 
Discussion
This study demonstrates that during UC the most prominent change observed in the components of the FECG complex was an increase in T/QRS amplitude ratio. Elevation of Τ wave was described by PARDI [11] in association with variable and late acceleration during labor. Similar changes combined with ST segment elevation occured in fetal lambs during induced maternal hypoxia [13] . The concept of T/QRS ratio was introduced by the latter group. It was found that newborn infants with low Apgar scores had significantly elevated T/QRS ratio. Subsequently similar changes were demonstrated in the human fetus during acidosis [8] . The increase in T/QRS ratio in hypoxic fetal lambs was associated with elevated levels of circulating catecholamines [12] . Similar changes occured in the ST waveform, in spite of normal blood gas values, which were related to endogenous increase in plasma epinephrine.
Despite evidence which indicates that placental blood flow and transcutaneous Po 2 are reduced during UC [6] , it is unlikely that the fetus is truely hypoxemic during this period. Even during moderate hypoxemia, myocardial metabolism remains aerobic, oxygen consumption and cardiac work remain unchanged and lactate continues to be consumed rather than produced [5] . It is conceivable that the changes we observed in the T/QRS ratio during UC are related to an increase in circulating catecholamines during UC. Such an increase was demonstrated in scalp samples and in umbilical arterial blood [9] . During hypoxia a marked increase in circulating catecholamines is observed both in the lamb [1] and the human fetus [9] . during uterine tetany, a marked decrease in placental blood flow ensues causing a fall in umbilical arterial Po 2 and a large rise in circulating catecholamines. This is reflected by the marked increase in T/QRS ratio, the decreased BTBV and the marked fetal bradycardia.
During normal labor the elevated T/QRS ratio was associated with increased FHR variability (both long and short term), during the 1st half of the UC. Increased variability in the human fetus is generally associated with periods of increased activity and breathing [18] . Paradoxically, acute mild to moderate hypoxia in the fetal lamb [3] causes an increase in FHR variability. Such an observation was recently made in the human fetus [17] . This may also be related to increased sympathoadrenal activity during UC, which may also be associated with mild reduction in arterial Po 2 . With more profound changes, such as during uterine tetany, a marked decrease in heart rate variability was observed, associated with a marked increase in T/QRS ratio.
This study demonstrates the capability of the computer to process and enhance the FECG during labor while maintaining its various components undistored. The signal is derived from a scalp electrode, from which the the continuous FHR is also measured. In this manner two different variables are obtained without the need for additional transducers. The changes in the fetal ECG and heart rate variability during UC, considering the normal course of labor and its outcome, imply fetal health, and reflect the capacity of the fetus to respond to the stress of UC. Further studies are currently under way to investigate the components of the FECG during UC in the compromised fetus.
Abstract
This study was performed in order to investigate the fetal electrocardiogram (FECG) during uterine contractions associated with normal labor.
Twenty-five patients with low risk pregnancy between 38-41 weeks gestation were studied during the active stage of labor. Both FECG and intra-uterine pressure are obtained in a conventional manner and are continually sampled into the computer. The FECG is averaged point-to-point, synchronized to the peak of the R-wave. This is performed by a QRS detection algorithm which is based on a digital analysis of slope, amplitude and width. A digital band-pass filter composed of cascaded high-pass and low-pass filters reduces false detections and permits the use of auto-adjustable low thresholds. A separate averaging is performed on the T-wave in order to prevent attenuation due to variable R-T interval. The T wave is subsequently alligned in time and position to the rest of the QRS complex. A significant increase was observed in the T/QRS amplitude ratio during the first half of the uterine contraction. Such an increase was also observed in the short and long-term FHR variability. No significant changes were observed in the other components of the FECG. In conclusion, by implementing a computer based system it is possible to analyse the FECG during labor. Based on this and previous studies it may well prove to be a sensitive indicator of fetal condition.
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